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The crystal structure of Li4BN3H10 was investigated using powder neutron diffraction with high
sensitivity. The compound crystallizes in the cubic space group I213 with lattice parameters a
= 10.645 19共52兲 Å with an ordered arrangement of 关NH2兴−1 and 关BH4兴−1 anions in a molar ratio of
3:1. The bond lengths between the nearest nitrogen and hydrogen atoms are 1.04共4兲 and 1.14共4兲 Å.
The bond angle between H共1兲–N–H共2兲 is about 126共6兲°, while those between H共3兲–B–H共3兲 and
H共3兲–B–H共4兲 are about 109共6兲°–110共7兲°. There are three different Li sites surrounded by 关NH2兴−1
and 关BH4兴−1 anions in distorted tetrahedral configurations. The Li共3兲–B and Li共3兲–N bond distances
are about 1.72共3兲 and 2.32共2兲 Å, respectively, while the Li共1兲–N and Li共2兲–N distances are both
around 2.09 Å. The strong bonding of Li共3兲 to the 关BH4兴−1 and the weaker Li共3兲 – 关NH2兴−1 bond are
evidenced by the presence of the LiBH4 moiety in a projection of the crystal structure onto the a-b
plane. First-principle calculations have been performed based on the structural data. Analyses of the
density of states and charge density indicate that H共1兲 and H共2兲 strongly interact with N, and H共3兲
and H共4兲 interact with B to form 关NH2兴−1 and 关BH4兴−1, respectively. It is confirmed that Li共1兲 and
Li共2兲 are strongly bonded to N and Li共3兲 is strongly bonded to B. These results are significantly
different from some of the previous studies. © 2007 American Institute of Physics.
关DOI: 10.1063/1.2767253兴
I. INTRODUCTION

The challenge of developing reversible hydrogen storage
systems for vehicular applications remains unsolved. A variety of compounds with sufficient capacity have been identified, but these are beset by a variety of problems, such as
high decomposition temperature and poor reversibility. Some
of these problems have been partially solved through the
addition of catalysts, but these additions decrease the overall
hydrogen density and the long term reversibility of the systems remains doubtful. Much of the ongoing research has
focused on alanates MAlH4 and tetrahydroborides MBH4,
where M is an alkali metal.1–22 Recently, compounds formed
from stoichiometric mixtures of LiNH2 and LiBH4 in ratios
of 1:1, 2:1, and 3:1 have been shown to form compounds that
contain large quantities of hydrogen as high as 11.9 wt % in
the case of Li4BN3H10, and therefore may be useful.23–28 The
crystal structure of Li4BN3H10 was determined by Filinchuk
et al. using single crystal synchrotron x-ray diffraction.26 The
structure was reinvestigated by Noritake et al., using synchrotron x-ray powder diffraction,27 and by Chater et al. using synchrotron x-ray and neutron powder diffraction.28
However, the refined structures were not consistent between
these three studies. For example, Noritake et al.27 used two
nitrogen sites and two lithium sites to refine the structure;
a兲
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whereas Filinchuk et al.26 and Chater et al.28 used three Li
sites and one N site in this structure. Furthermore, the ND
study of Chater et al.28 appeared to use significantly different
crystallographic parameters as compared to the synchrotron
x-ray studies.26,27 Our examination of the models by Filinchuk et al. and Chater et al. shows them to be equivalent. To
date, definitive structural parameters for Li4BN3H10 have not
been published. Such information is important to an understanding of the basic hydrogen storage properties of this
compound. The main issue in the x-ray structural analysis for
compounds such as the light metal hydride Li4BN3H10, with
low atomic numbers, is their poor scattering cross sections
for x rays. The intensity of coherently diffracted x rays is
proportional to the square of the atomic number, and accurate observation of hydrogen is always problematic. In contrast, neutron scattering from the hydrogen proton 共or often,
the deuteron兲 gives a reliable measurement of the hydrogen
共deuteron兲 location and occupation. Hydrogen possesses a
large incoherent cross section 共related to processes in which
the neutron and hydrogen atom spins flip during the interaction兲. These processes lead to a large, featureless background
in the diffraction pattern, reducing the statistical accuracy of
the final result. Thus, deuterium, with a much smaller incoherent scattering cross section, is often employed. The replacement of the hydrogen with deuterium improves the diffraction pattern but does not necessarily provide the exact
hydrogen locations.29 Kinetic properties are also affected by
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H–D replacement. Knowledge of the structural properties of
Li4BN3H10, especially the accurate location of the hydrogen
atoms, is critical to an understanding of and improvement in
the hydrogen absorption and desorption capacity of the system. In the present paper, we have used neutron powder diffraction to determine the crystal structure for Li4BN3H10.
First-principle calculations based on the structural data were
performed to study the fundamental properties of this compound.
II. METHODS

Li4BN3H10 was prepared by reacting a 5 gm mixture of
LiNH2 and LiBH4 powders 共purchased from Sigma-Aldrich兲
in a 3:1 molar ratio by high energy ball milling in a stainless
steel vial with a ball to sample mass ratio of 20:1. The
milling time was 6 h. Part of the as-prepared powders
was annealed at 170 ° C for 2 days. Using a similar procedure, Li3BN2H8 共LiNH2 : LiBH4 = 2 : 1兲 and Li2BNH6
共LiNH2 : LiBH4 = 1 : 1兲 were prepared. For the diffraction
measurements, the Li–B–N–H powders were put into 3 mm
diameter thin-wall vanadium containers and sealed in a
glovebox under an argon atmosphere to avoid reaction with
moisture. The powder neutron diffraction 共ND兲 experiments
were performed on the position sensitive detector diffractometer at the University of Missouri Research Reactor using
neutrons of wavelength  = 1.4875 Å. The data for asprepared and annealed samples were collected over 24 h at
290 K between 2 angles of 5° and 105° on approximately
1.0 g of fine powders. The refinement of the neutron diffraction data was carried out using the FULLPROF program30
which permits multiple phase refinement.
The electronic structure was calculated using the WIEN2K
code.31 The full potential linearized augmented plane wave
method was employed using the density function theory
within the generalized-gradient approximation 共GGA兲. The
radii of the atomic spheres are 1.61, 1.46, 1.27, and 0.69 a.u.
for Li, B, N, and H, respectively. The upper limit of the
angular momentum, lmax = 10, is adopted in the sphericalharmonic expansion. A cutoff energy of 457 eV and a 512
k-point grid in the irreducible Brillouin zone were used in the
calculations. The convergence is obtained with 10−6 eV of
the total energy.

FIG. 1. Neutron diffraction patterns of Li4BN3H10 at room temperature.

space group I213 with a = 10.645 19共52兲 Å. The unit cell has
eight formula units. We chose to refine the atomic positions
of each atom using two different models, that of Filinchuk et
al. 共I兲 共Ref. 26兲 and of Noritake et al. 共II兲.27 The atomic
positions for model 共I兲 are Li共1兲共12b兲共x , 0 , 1 / 4兲, Li共2兲共12b兲
⫻共x , 0 , 1 / 4兲, Li共3兲共8a兲共x , x , x兲, and N共24c兲共x , y , z兲, respectively. The atomic positions for model 共II兲 are N共1兲共12b兲
⫻共x , y , 1 / 4兲, N共2兲共12b兲共x , y , 1 / 4兲, Li共1兲共24c兲共x , y , z兲, and
Li共2兲共24c兲共x , y , z兲. In both models, hydrogen atoms were assumed at four positions H共1兲共24c兲共x , y , z兲, H共2兲共24c兲
⫻共x , y , z兲, H共3兲共24c兲共x , y , z兲, and H共4兲共8a兲共x , x , x兲, and boron at B共8兲共24a兲共x , x , x兲. The thermal parameters for each
atom type were constrained to be equal.
Figure 2共a兲 shows the refined patterns with model I,
which gives a good fit to the data. Figure 2共b兲 plots the
calculated pattern based on model I, using the parameters of
Noritake et al.27 It clearly fails to reproduce the data. In

III. RESULTS AND DISCUSSION

Figure 1 shows the room temperature neutron powder
diffraction patterns of Li4BN3H10 before and after annealing.
The background is mainly due to the incoherent scattering of
hydrogen atoms. Even though the incoherent scattering of
hydrogen and absorption of 10B are strong, the diffraction
intensities are high due to the special design of our ND system, which uses a very small sample size, minimizing multiple scattering into the incoherent channel. The peaks of the
annealed sample are much higher and sharper than the asprepared sample, especially in the high angle region, due to
the higher degree of crystallinity. This significantly improves
the quality of the diffraction pattern, which enables an accurate determination of the atomic positions of H and B in this
compound. The pattern can be indexed in a cubic cell with

FIG. 2. 共Color online兲 共a兲 Refined neutron diffraction pattern with model I.
In the patterns, the bottom curves 共Y obs − Y cal兲 are the difference between
experimental data and refinement data. The vertical bars indicate Bragg peak
positions. The inset indicates the indexed peaks, showing increasing d spacing to allow sample comparison 共the 关440兴 peak appears at about 46.47°
共2兲兲, with data in Ref. 28. 共b兲 The calculated pattern of Li4BN3H10 with
model II 共symbol ⫹兲 and the experimental data 共solid line兲.
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TABLE I. Refined parameters of Li4BN3H10 at room temperature. Space group is I213 with a
= 10.664 519共52兲 Å. x, y, z are the fractional position coordinates; and n is the occupation number. d is the
nearest neighbor distance. 2 is 2.90%. The values in the brackets are data from Ref. 26.
Wyckoff site
Li共1兲

12b

Li共2兲

12b

Li共3兲

8a

N

24c

B

8a

H共1兲

24c

H共2兲

24c

H共3兲

24c

H共4兲

8a

x

y

z

n

0.286 80共246兲
兵0.287 1其
0.521 99共310兲
兵0.523 7其
0.517 17共243兲
兵0.483 30其
0.112 08 共43兲
兵0.115 36其
0.110 14 共142兲
兵0.113 60其
0.167 93 共376兲
兵0.175 1其
0.123 62 共294兲
兵0.114 5其
0.002 23共173兲
兵0.012 3其
0.179 38共467兲
兵0.172 1其

0

0.25

0.5

0

0.25

0.5

x

x

0.3333

0.360 22 共51兲
兵0.359 31其
x

0.403 94 共59兲
兵0.405 25其
x

1.0

0.279 69共289兲
兵0.3100其
0.449 13 共372兲
兵0.4051其
0.122 94共352兲
兵0.1194其
x

0.398 10 共393兲
兵0.3969其
0.345 13共408兲
兵0.3391其
0.138 17共503兲
兵0.1460其
x

0.3333
1.0
1.0
1.0
0.3333

d共Å兲
Li共1兲
Li共2兲
Li共3兲

Li–B
2.67
兵2.65其
⬎4.0
1.73
兵2.41其

Li–N
2.085
兵2.1147其
2.093
兵2.1166其
2.320
兵2.0689其

B–H
B–H共3兲
B–H共4兲

H–N
1.19
兵1.137其
1.27
兵1.08其

Table I, we list the refined atomic positions and nearest
neighbor distances for model I. For comparison, we also list
the atomic positions of Filinchuk et al.26 Although the model
by Filinchuk et al. is successful, the positions we obtained
for the hydrogen and Li共3兲 atoms are significantly different
from their values, dramatically changing the bond distances
and angles between N–H and Li–B. The nearest neighbor
distances of N–H共1兲 and N–H共2兲 are 1.04共4兲 and 1.14共4兲 Å,
respectively, which are much longer than the reported values
共dN–H = 0.83 and 0.86 Å兲.26 The H–N–H bond angle is about
126共6兲°. These values are close to those of LiNH2 and
LiND2 共Refs. 32–34兲 共dN–D = 1.01 Å兲. The bond distances
are 2.085, 2.093, and 2.32 Å for Li共1兲–N, Li共2兲–N, and
Li共3兲–N, respectively. The Li–B bond distances are 2.67 and
1.73 Å for Li共1兲–B and Li共3兲–B, respectively. The Li共3兲–B
distance is much shorter than the shortest Li–B distance
共2.475 Å兲 in LiBH4.4 At the same time, the B–H bond
lengths are about 1.19– 1.27 Å: longer than the B–H bond
distance, 1.03 Å, in LiBH4,12 and the N–H bonds are longer
that those of LiNH2 as well,32,33 suggesting that the Li共3兲–B
bond has strengthened at the expense of the B–H bonds. The
longer bond distances indicate a decrease in the B–H and
N–H bonding energy, which could enhance the hydrogen release under practical conditions. Pinkerton et al.23 have
shown that Li4BN3H10 can release ⬎10 wt % hydrogen
above 250 ° C with ammonia present only in trace amounts.
Chater et al.28 and Filinchuck et al.26 employed the same
model as we used. While the differences between our refinement and that of Filinchuk et al. might be attributed to their

H共1兲–N
H共2兲–N

1.04
兵0.83其
1.14
兵0.859其

H–H
1.94
2.02
2.30

use of x rays, Chater et al. used both neutrons and x rays and
therefore better agreement with our results would be expected. Comparison of our diffraction data with that of
Chater et al.28 does reveal some significant differences. For
example 共see inset兲, the peak intensity ratios of the
关521兴 / 关440兴 are about 1.0/ 2.0 for our data and about 1.0/ 1.0
for theirs, and the ratios of the peaks 关600兴 are 关611兴 about
2:1 and 3:1 for our data and theirs, respectively. These differences may result from compositional differences between
our sample and theirs due to different preparation processes.
In fact, the neutron data from Chater et al. more closely
resemble our results for a 2:1 LiNH2 – LiBH4 sample, see
Fig. 3. We were unable to refine the 2:1 samples using the
structural parameters of Filinchuk et al.26 and Chater et al.28

FIG. 3. Neutron diffraction pattern of LiNH2 / LiBH4 = 2 : 1 sample at room
temperature.
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FIG. 4. 共Color online兲 Projection of Li4BN3H10 crystal structure on the a-b
plane.

Furthermore, our ND pattern appears to be that of a dominant 3:1 phase with some LiBH4. Indeed, studies, in progress
of varying stoichiometries ±3 / 1 ratios of LiN2 / LiBH4,
strongly suggest that this system may be a solid solution
system as also pointed out by Chater et al..28 If so this could
well account for the structural differences observed by all
parties. In addition, our data appear sharper in the high q
region and the data by Chater et al. do not include the lowest
order reflections. The refined crystal structure of Li4BN3H10
is shown in Fig. 4. It consists of an ordered arrangement of
关NH2兴−1 and 关BH4兴−1 anions with a ratio of 3:1. Nitrogen and
two hydrogen atoms, H共1兲 and H共2兲, form the 关NH2兴−1 anion,
while boron and three H共3兲 and one H共4兲 atoms form the
BH−4 anions. The 关NH2兴−1 and 关BH4兴−1 anions in Li4BN3H10
are similar in configuration to those in the LiNH2 and LiBH4
compounds, respectively, while the Li atoms, especially the
environment of the Li共3兲 atom indicates a strong Li共3兲 – BH4
bond and a weaker Li共3兲 – NH4 bond. Li共1兲 has two B and
two N atoms as its nearest neighbor, Li共2兲 has four N neighbors, and Li共3兲 has one B and three distant N atom neighbors.
The calculated density of states 共DOS兲 based on the refined structure of Li4BN3H10 is shown in Fig. 5. The total
DOS shows an energy gap of 2.7 eV between the valence
and conduction bands, which indicates a nonmetallic nature.
The band gap is smaller than those of LiNH2 and LiBH4.
The covalent interaction between the 2s orbital of the nitrogen atom and the 1s electrons of the hydrogen atom dominates the bottom of the valence band interaction. The contribution of the Li orbitals to the DOS is extremely small. The
interactions between N-2p and H-1s, B-2s and H – 1s electrons contribute to the DOS in the middle energy region, and
the N-2p and B-2p orbitals are dominant near the Fermi
energy. The N-s, p and H-s states of H共1兲 and H共2兲 are
energetically degenerate in the entire energy range indicating
the formation of the 关NH2兴−1 anions, while B-s, p and H-s
states of H共3兲 and H共4兲 atoms overlap to form the 关BH4兴−1
anions. The states of Li共3兲 atoms strongly overlap with the B
states indicating a strong interaction between Li共3兲 and

FIG. 5. 共Color online兲 The total and partial DOS of Li4BN3H10.

关BH4兴−1, while the smaller overlap between Li共3兲 and N
states shows a weaker Li共3兲 – 关NH2兴−1 interaction.
Figure 6 is the calculated valence charge density contour
plot of Li4BN3H10. The 关NH2兴−1 and 关BH4兴−1 units take the
form of well-separated, molecular species distributed over
the Li atoms with a rather low charge density between Li+
and 关NH2兴−1 and between Li+ and 关BH4兴−1 as well. The covalent bond nature is dominant within the 关NH2兴−1 and

FIG. 6. 共Color online兲 The contours of valence electron density of
Li4BN3H10 in the a-b plane. The contour spacing is 0.01 e / Å3.
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关BH4兴−1 units as can be seen from the charge distribution.
The charge densities of the 关NH2兴−1 and 关BH4兴−1 units show
distortion along the direction of their nearest neighbor Li
atoms due to the Li+-anion interactions.
IV. SUMMARY

In summary, the crystal and electronic structures of
Li4BN3H10 have been investigated using neutron powder diffraction and first-principles calculations. It is found that
some atomic positions are significantly different from previous studies. We believe these results more accurately reflect
the structure of the stoichiometric 3:1 mixture, while the previous results may be affected by disordered BH4 substitution
of NH2 anions in samples with a smaller NH2 / BH4 ratio.
The N–H bond lengths are about 1.0 and 1.14 Å for N–H共1兲
and N–H共2兲, respectively. The bond angle between H–N–H
is 126.0°. H共1兲 and H共2兲 strongly interact with N, and H共3兲
and H共4兲 interact with B to form 关NH2兴−1 and 关BH4兴−1, respectively. It is found that Li共1兲 and Li共2兲 are strongly
bonded to N and Li共3兲 is strongly bonded to B.
Li共3兲+ – 关NH2兴−1 and Li共3兲+ – 关BH4兴−1 interactions are present
in the compounds. The electronic structure calculations show
that Li4BN3H10 has strong ionic character. The 关NH2兴−1 and
关BH4兴−1 anions have strong covalent bonds and their valence
charge distributions stretch along the directions of the nearest
Li neighbors.
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